In this follow-up to [2] we briefly discuss the implications of the apparent detection of B-modes in the Cosmic Microwave Background for the issues raised in that paper. We argue that under the assumptions of eternal inflation, there is now stronger support for the detectability of a Coleman-De Luccia bubble nucleation event in our past. In particular, the odds that the spatial curvature of the universe is large enough to be detectable by near future experiments are increased.
Contents
1 Review
The purpose of this note is to discuss the relevance of the detection of CMB tensor modes [1] for a pattern that was speculated on in [2] and in [3] . The hypothetical pattern can be stated by three properties: convexity, steepening of the inflaton potential, and suppression of scalar fluctuations at large angular scales (low l). These in themselves would be interesting properties of the inflaton potential, but the overall pattern, if confirmed, would suggest something more far-reaching: namely, that the our part of the universe was born in a tunneling event from an earlier vacuum. Large tensor power suggests that the tunneling event has a higher probability of detection than was previously estimated.
In calling attention to the pattern we feel that at the present time it is better to concentrate on qualitative features without trying to be too quantitative about specific numerical models, or about theoretical assumptions concerning the probability measure for various parameters.
In [2] three related points were made. Let us review them.
Pressure toward shorter inflation. It is often stated that the reason for inflation is to flatten the universe. The cause-and-effect relationship is that inflation caused flatness; not that flatness caused inflation. This leaves us with the question of why inflation took place. The question is non-trivial because inflation is not a generic behavior; it typically requires a degree of fine-tuning. The answer offered in [2] was based on the assumption that our universe was born in a Coleman-De Luccia (CDL) tunneling event from an earlier vacuum [5] .
The product of a CDL tunneling event is an open universe, meaning that spatial slices are negatively curved. In a universe with negative spatial curvature, matter recedes with a velocity that on average is greater than escape velocity. Unless something is done to dilute the negative curvature, this outward velocity prevents structure formation, leading to an empty universe. The ingredient that can dilute the curvature is a period of slow-roll inflation. Thus, the real rationale for inflation may be anthropic.
Anthropic considerations lead to a lower bound on the number of inflationary efoldings N that took place after the CDL event. At the same time there is also an observational lower bound on N. The main result of [2] is that the two lower bounds, anthropic and observational, only differ by about 2.5 e-foldings. If we nominally say that the observational bound is N ≥ 60, then with the same conventions 1 the anthropic bound is N ≥ 57.5. If anthropic constraints create pressure for a large value of N, fine-tuning constraints create pressure for a small value of N. The competition may lead to a situation where N is close to the observational bound. This, in turn, could lead to observational signals from a tunneling event in our past. We believe that the recent detection of tensor power at a surprisingly large magnitude bears on this question, and increases the likelihood of such a signal.
Detectable spatial curvature? The signal we have in mind is the spatial curvature of the universe. A CDL tunneling event generally leads to negative curvature which may or may not be large enough to detect. The detection of negative curvature can be regarded as evidence that slow roll inflation began by bubble nucleation inside a "parent vacuum" different from our own. A detection of positive curvature would rule out any simple CDL mechanism.
The curvature parameter |Ω k | is currently bounded to be less than about .01 in magnitude. On the other hand curvature at the level of < ∼ 10 −5 would not be detectable due to cosmic variance. It seems that there is a window of about two orders of magnitude in which observations of curvature would in principle be possible. It is hard to overemphasize the importance that a detection of curvature-positive or negative-would have for cosmology. [12, 13] Another way to put it is in terms of N. The window of opportunity for detecting curvature is between the observational bound and about three additional e-foldings. That is a fairly narrow window, and indeed, a simple statistical model of the parameters of inflation gave a probability of about 10% to be in that window (see [4] for a more detailed analysis of the probability.) The main point of this note is that the recent tensor-mode observations may significantly increase the likelihood to be in the window.
Effects on the power spectrum. The third point made in [2] and more fully developed in [3] is that if the number of e-foldings is near the observational bound, then a CDL origin may lead to a low l suppression of the scalar fluctuation spectrum. The mechanism will be reviewed in section 3.
The shape of the potential is correlated with the number of e-foldings that occurred between tunneling and the observable region. Consider the two potentials in Fig. 1 and Fig. 2 . They both represent landscapes that include tunneling events. The first figure is what we might call an optimistic case. The tunneling event is relatively close in field space to the value associated with the lowest values of l. In this case a small number of e-foldings would separate the tunneling event from the observable region.
By contrast the second figure is pessimistic; there are many e-foldings separating tunneling and observation. While the overall shapes of the two cases are similar, in the observable region the shapes are quite different. In particular in the first case the observable low-l physics took place on a convex portion of the curve while in the second case the potential was concave during the low-l era.
It was observed in [2] that the two cases lead to different observable effects on the low-l scalar fluctuation spectrum. In particular, if the steepening of the potential in Fig. 1 is over a narrow range, it leads to a potentially large suppression of the low-l scalar spectrum.
Implications of new data
When [2] was written there was no evidence for a systematic low-l suppression, but that has changed significantly, first with WMAP and Planck [15] , and apparently now even more-so with BICEP [1] ; as emphasized in [16] . The current situation is that a convex potential is favored and the power in temperature fluctuations at large angular scales is below the expectation based on the high-l data, even more so if r ≈ .2. Fig. 3 shows that a tensor-to-scalar ratio of r ≈ 0.2 lies well into the convex region. 
Figure 1: Conjectured inflaton potential including a tunneling and slow-roll region, with V and φ in units of the reduced Planck mass m P . The figure is similar to one from [2] and illustrates the optimistic case in which the tunneling event is close to the observational region. The point φ = 0 corresponds to a few efolds after the beginning of slow-roll inflation; the potential is steeper for φ < 0, therefore suppressing scalar power at large scales.
A very interesting point was noticed in [3] . Although the mechanism of [2] suppresses scalar power at low l, it has no such effect on the tensor power. In fact it can even enhance the tensor power at low l. Of course until power was seen in tensor modes, this was an academic point.
The observation of tensor modes at a level of r ≈ 0.2 has an indirect implication for the shape of the potential. It means that some of the low-l spectrum seen by earlier experiments is coming from tensors, and should be subtracted from the scalar power. In other words the low-l suppression hinted at by Planck is stronger than was thought. Thus the low-l data may have originated on a steeper slope. The evidence for a potential like Fig. 1 , as opposed to Fig. 2 , is strengthened, and that also implies that the number of e-foldings between tunneling and observation may be small. The main point of this epilogue is to point out that the pattern-convex potential; suppressed low-l scalar power; small number of e-foldings-increases the likelihood that curvature may be detectable. [14] shows that a large tensor-scalar ratio of order .2 favors a convex potential in the observable region.
Relation to other work. While this paper was in preparation we received a related work [6] and became aware of [7] . The observational effects of inflation that begins by bubble nucleation were thoroughly discussed by [8] ; see citations therein for important earlier work. An alternative explanation of the low l anomalies is given in [9] and [11] . An interesting discussion of low l anomalies in an open universe is given in [10] .
Why is Curvature So Important
The importance of confirming or falsifying evidence for a diverse landscape of vacua, and transitions between such vacua, can hardly be questioned. But there are obvious limitations on obtaining such evidence. In particular we are limited by the existence of a cosmological horizon which isolates us from most of the universe. Nevertheless, we can look back to the past, and hope to detect a transition from another vacuum. In other words we can hope to detect the fossil remnants of a CDL bubble nucleation, but only if the number of e-foldings is not too large. There is one unambiguous consequence of a CDL event: it leads to an open (negatively curved) cosmology.
A detection of curvature -say at the level of 10 −3 or 10 −4 -would be a gamechanger [12, 13] . Positive curvature would probably not completely end discussion about a multiverse but it would be very bad news for the eternal inflation/CDL bubble nucleation framework. On the other hand, a detection of negative curvature might not convince a skeptic, but it would be strong support for the CDL tunneling origin of our region [12, 13] . In the rest of this epilogue we will review that argument for the connection between tunneling type potentials similar to Fig. 1 and the suppression of low-l scalar power.
Tunneling and Suppression
In this section we will review the basic arguments connecting steepening and lowl suppression. It has been widely understood that a tensor-scalar ratio of order .2 requires a large inflaton excursion of 10 or more Planck masses [17] . In the notation of [2] :
• The inflaton field is φ.
• The total excursion of φ from the onset of inflation until reheating is ∆φ.
In units with the reduced Planck mass m 2 P ≡ c/8πG = 1, the observed value of r requires ∆φ > ∼ 10. On the other hand the value of the potential V (φ) over the low-l range is about 10 −8 in the same units. Just to have a concrete example, we consider a convex quadratic potential of the form,
with µ 2 = 10 −10 . (Note that using literally this potential will lead to some issues, like a number of efoldings on the lower end of the allowed parameters and a rather red tilt. Our purpose here is simply to illustrate the effect of steepening, and (2.1) could be replaced with another potential.) The lowest l modes originate in the region close to φ ∼ 0. In that range |V /V | ∼ .2 and the potential can be parameterized in the form given in [2] .
However, this potential does not contain the characteristic feature of steepening that we expect if there were a nearby drop from a tunneling potential, as in Fig. 1 . In order to represent that behavior we can add in an additional "steepening" term
that contributes for φ < 0 but which vanishes for φ > 0 (we chose φ 3 to make the potential continuous up to its second derivative, but other powers give very similar results). This is an optimistic choice in that the steepening is assumed to occur in the same region as where the low-l modes leave the horizon. More generally, the question of what potentials are natural in the context of the string landscape requires further study. The simplest explanation of the data is that the inflaton potential is very smooth over a surprisingly large field range, greater than the Planck mass. Such a smooth potential requires an approximate symmetry to protect it from generic corrections of the form (φ/M P ) n . Such potentials have been challenging to construct in string theory; some notable constructions are [18] . Once we have such a symmetry allowing for a boring inflaton potential over a large range of φ, it is not clear whether it is natural to have a steep potential from tunneling. One possibility is that the tunneling occurs from another direction in field space which is steeper. This is an interesting scenario that deserves further study, and it may lead to similar phenomenology as the simpler model considered here. For the moment, we restrict ourselves to the simpler single field model and compute the scalar fluctuation spectrum δρ as a function of φ,
where α = 1/(2π √ 3). In the region of positive φ this is a nearly scale-invariant spectrum with a slight red tilt. But if we incorporate the steepening term, then for φ < 0 (2.4) gives
where the prefactor δρ ρ 0 is the density perturbation without the steepening term.
The negative term proportional to m 2 φ 2 demonstrates the suppression in power due to the steepened potential. Recall that in our conventions the minimum of the potential is at φ = 10. To make an estimate of the range of l over which steepening suppresses the scalar power, we assume that the CMB quadrupole modes leave the horizon when the inflaton has a value φ 0 < 0. Consider the number of e-foldings that take place during the time that the field rolls from φ = φ 0 to φ = 0. Call that number N s (φ 0 ), where s stands for suppressed. If we choose φ 0 so that N s ∼ 4, the power in scalar fluctuations will be suppressed for l < ∼ e 4 ≈ 50. We can choose m so that the tilt for that range of l is blue, for instance n s − 1 ≈ 1.05, which appears to be a good fit to the power suppression at low l 2 . However this example is just an illustration of the suppression mechanism between φ 0 and φ = 0, that is, between the lowest l and the end of the suppression at l ≈ 50. The choice δV ∼ φ 3 in (2.3) actually leads to an increase in the scalar power for φ φ 0 . This increase at (unobservably) long wavelengths is an artifact of this specific choice for the steepening. With further steepening of the potential close to the tunneling point the increase of power can easily be avoided.
Depending on how many efolds of slow-roll inflation took place after the tunneling but before the field reached φ 0 , the curvature will be diluted to a greater or lesser extent. If φ = φ 0 is the beginning of the post-tunneling slow-roll phase the universe would be curvature dominated today. If there are ∼ 3 efolds of inflation prior to φ = φ 0 , then curvature would be |Ω k | ≈ e −2 * 3 ≈ 2 × 10 −3 . More than ∼ 6 efolds of inflation prior to φ = φ 0 would make |Ω k | < 10 −5 and therefore impossible to detect [12] .
The point is not so much that a tunneling event in the past predicts a low-l suppression, but rather that the observed low-l suppression suggests that the tunneling transition is close (in field space) to the value associated with the low-l power.
We could have parameterized the steepening term so that it turned on at some large negative φ as in Fig. 2 . That would have two effects. First it would have eliminated the low-l suppression. Secondly it would imply a relatively large number of e-foldings between tunneling and the low-l region. As explained in [2] and [3] the two go together. The optimistic view is that the observed low-l suppression suggests that few e-foldings separate tunneling from observation.
Without trying to be quantitative about probability measures, the BICEP data in our view tend to increase the likelihood that curvature can be detected. Obviously every effort should be made to do so. 
